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(57) A method is presented for making a polycrys- 
talline thin film (B) by depositing particles emitted from a 
target (36) on a substrate base (A) to form the film (B) 
constituted by the target noateriai while concurrently 
inadiating the depositing particles with an ion beam 
generated by an ion source (39) at an angle of inci- 
dence, in a range of 50 to 60 degrees to a normal (H) to 
a film surface, and maintaining a film temperature at 
less than 300 degrees Celsius. This method is effective 
in producing an excellent alignment of crystal axes of 
the grains in the film when the film thickness exceeds 
200 nm. The target material includes yttrium-stabilised 
zirconia but other material can also be used. A layer (C) 
of a superconducting substance formed on top of the 
polycrystalline thin film (B) produces a superconducting 
film (22) exhibiting excellent superconducting proper- 
ties. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Im/enlion 

The present invention relates to a method for making a polycrystalline thin film having a highly oriented grain struc- 
ture and a method for making oxide superconductor on such a thin film base and an apparatus for making said poly- 
crystalline thin film. 

Description of the Related Art 

Oxide superconducting materials discovered in recent years are excellent super-conductors having a critical tem- 
perature higher than the liquid nitrogen temperature, but many problems remain to be resolved before such oxide super- 
conducting materials can be used as practical superconductor devices. One such problem is that the critical current 
density is low for these oxide superconductors. . , ^ . . ^ ,«,«^„,^teie 

The problem of low critical current density is caused largely by the anisotropic electrical properties of the crystals 
in the superconductor themselves, and especially, it is known that an electrical current can ftow relatively easily in the 
directions of a- and b-axes but has a difficulty flowing in the c-axis direction. Therefore, to deposit an oxide supercon- 
ductor on a substrate base and to use such a material as a superconducting device, it is necessary to form an oxide 
superconducting layer on a substrate base whose grain structure has a highly-developed controlled onentation. and fur- 
thermore, the a- and b-axes must be made to align In the direction of the current ftow while the c-axis is onented in 
another direction which does not impede the current flow. , . x k 

Various methods have been tried in the past to deposit oxide superconductors of a suitable onentation on a sub- 
as strata such as plate and metal tape. One such method currently in use is a thin film growth technique basal on sputter- 
ing of superconducting oxide material on a single aystal substrate base of a material such as MgO or SrTiOg which 
have similar crystal structures to oxide superconductors. ... ^ ^ •« 

Using such a single crystal substrate material to grow a thin film by sputtering, for example, it is possible to deposit 
a single aystal layer having an excellent direcUonality in the crystal orientation, and it is known that a high critical cur- 
30 rent density exceeding several hundred thousand of amperes per square centimeter can be achieved in the supercon- 
ducting oxide layer formed on the single crystal base. ... ^^^.,r,»r 
To use the oxide superconductor as an electrical conductor, it is necessary to deposit a uniformly oriented super- 
conducting layer on a longitudinally extending base, for example a tape base. However, when such a layer is deposited 
on a metal tape, because the substrate metal itself is a polycrystalline material and its crystal structure is quite drfferent 
35 from that of the oxide material, it is virtually impossible to produce a highly oriented superconducting layer. Additionally, 
because of heat treatments necessary to develop superconducting properties, diffusional reactions which can occur 
between the superconducting oxide layer and the metal tape base disturb the interface structure and degrade the 
superconducting properties. ^ . ^ j- * i „, 
For these reasons, general practice is to form a superconducting layer on top of a sputtered intermediate layer. 
40 comprised by materials, such as MgO or SrTiOa. on a metal tape. However, the problem wHh a superconducbng made 
layer formed on such an intermediate layer Is that it exhibits only a low critical current density (tor example, several thou- 
sand to tens of thousand A/cm^). This problem is thought to be due to the following causes. 

Figure 1 5 shows a cross sectional view of a sputtered superconducting oxide layer 3 formed on top of an interme- 
diate layer 2 on a base 1 of a metal tape, for example The superconducting oxide layer 3 is a polycrystalline layer and 
45 is comprised by numerous randomly oriented grains 4. Close examination of the individual grains 4 reveals that 
although the c-axis of each grain 4 is at right angles to the base, both a- and b-axes arc oriented in random directions. 

When the a- and b-axes are randomly oriented in the neighboring grains, quantum coupling m the superconducting 
state is destroyed at the grain boundaries which are Irregular lattice structures, and the result is that the superconduct- 
ing properties, especially the critical cunent density become seriously affected. 

Also because the underlying intermediate layer 2 is polycrystalline virithout the uniform orientaton of a- and b-ax^ 
the superconducting oxide layer 3 becomes a polycrystalline layer of randomly oriented a- and b-axes. and the grovrth 
of the layer 3 occurs in conformity with the underlying random orientation nature of the intermediate layer 2^ 

Technology of growing an oriented film of various materials on polycrystalline substrate is utilized in fields other 
than the above-mentioned oxide superconductor field. For example, they are useful in optical thin films, opto-magnetic 
discs circuit boards, high frequency waveguides and signal filters, as well as in cavity resonators, but in every field, an 
important requirement is to produce a polycrystalline film having a highly developed crystal o^^^^^t'O" °* ""JT 
quality In other words, the quality of the thin film for optical, magnetic and circuit applications would be expected to be 
better if the film can be formed on a polycrystalline base having a controlled grain orientation, and it would be even more 



so 



55 



2 



EP 0 872 579 A1 



desirable if a properly oriented films for such applications can be deposited directly on the substrate base. 

For these reasons, the present inventors have been investigating processes of forming 1(^1^''^''^^^^^^,^ 
ytlriur^-stabilized zirconia (abbreviated to YSZ hereinbelow) on a metal tape and subsequently deposrtmg supercon- 
ducting oxide layer on the pdycrystaHine layer to produce an oxide superconductor of superior P^OP^'^^ _ 
; These effort have resuHed in publications of the following patent WHc^Jons for producing a f«^^^^^^ 
of a controlled orientation and oxide superconductors formed thereon: JPA. "^^^^ 
No H3-126836): JPA. First Publication. H4-331795 (Application No. H3-126837); and JPA. First Publicaton. H6- 

''Ti^Srha^s'^ti^^L^^^^^ 

'° °^rncTr"rnvX-^^^^^^^ 

oxideluperconductois on an extending or large area substrate. As a result of *»^« ^^^"'"f ^„ J^J^^, f m^^^ 
mShod of making polycrystalline thin films to provide a superior control over the crystal onentaUon but also a method 
oftr^ng ^oxde superconductor of superior superconducting properties on top of such a substrate base have been 

15 developed. 
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It is an object of the present invention to continue to enhance the work carr.«l out to date Fov^ing a mett^ 
for .raWna a highly oriented polycrystalline substrate base and then to form an oxrie supercondu^^^^ 
Z Stion on L substrate base so that not only the c-axes of the polycrystals are orientated at nght angl^ to *e 
1 su^ce S^Iie a- and b-axes are also well-aligned in a horizontal direction parallel to the film surface, thereby lead- 
Ill^ to 2 o^esuperc^uctor having a superior crrtical current density and improved superconducting properties. 
Another object is to present a deposition apparatus to be used with the memod ^mi«Art frnm 

The Ob ect has teen achieved in a method for making a polycrystalline thin film by .f^,^'^'^ 
atargetonasubstratebase so astoformapdycrystalline thin filmcomprised by elements constituting th^^^^ 

^nintlv hradiating the particles being deposited on the substrate base with an ion beam generated by an ion 

SrrataVSec^^^^^^^^ 

perature at not more than 300 degrees Celsius. -^^^i. 
In the method presented above, the target may be comprised by yttnum-stabilized zi cona. 
in the method presented above, it is preferable that the polycrystalline thin film has a film thickness of not less than 

reS^has been achieved also in a method for making an oxide superconducting body by performing the steps 
disclosed in daim 1 and then depositing a superconducting layer on top of the polycrystalline thn film. 
35 In the above method, the target may be comprised by yttrium-stabilized zirconia^ 

In the above method, it is preferable that the polycrystalline thin film has a film thickness of not less than 200 

"^"rSng to the present method, a crystal aligning ion beam is irradiated at an angle of incidence of betwe^ 50 
to 60 S^reLs'to a normal to the film surface onto the particles which arc emrtted by the target and be-ns d^^^^ on 
L subsLe base, maintained at a deposrt temperature of not more than 300 "C. This P^^^f^^^^f ^i^^^^^^^ 
YSZ thin film comprised by polycrystalline grains whose c-axes are oriented at nght angles to the film s">^ce a"d a 
ISror b aJe^ afe oriented wiin a planar alignment angle of less than 35 degrees of a-axes (or b-axes) in the neigh- 

"''"it^is blTeved that this is a result of the action of the ions in the crystal aligning beam i" removing unstable atoj^ 
which areonSinnon-aligned directions so that only tho^^ 

ter^ to re-Sfn o^^^^^^ substrate base. The result is a production of polycrystalline thin film o^^uperior grainaj^une^ 
Bv^ont oZ the d2os^ te mperature at 300 °C oLloyitet.^ects,gUtonB£m^ 

^ggg^ gg^s of the ion b -i^?;^that.aEQ!ycr ystaHine thin film of su Beri°L- Qrientaton contrd can 

^^^^iSe bv usina such a substrate base for growing other functional thin f ilms, devices having superior functtonal 
oroorrJe^nSSSiSS InoS wo«ls,iftheL^^^ 

^ 'eSJ^pSof a material which can be emitted by the target is yttrium-stabilized zirconia. and the pnxiuct will be a 

produced film to be not less than 200 nm. «,e grown thin film will have a 
"T~:;T— g layer on the polycrystalline substrate base prepared according to the present 
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method, a superconductor havirig an excellent consistency In grain orientation can be produced, thereby providing 
superKx critical current density and superconducting properties, 

An example of the polyaystalllne substrate base which can be used is yttrium-stabilized zirconia. Also. ^ limiting 
the thickness of the polycrystalline base to be not less than 200 nm. a superconductor having superior performance 
properties will be formed on the substrate base of highly oriented polycrystal grains. 

The present method Is achieved by using an apparatus comprising: a deposlton cha^^^^ 
talime thin film on a substrate base and for housing following component devices: a feed spool for feeding a tape b^e 
n a longldJ^tdlrection: a take-up spool for winding the tape base fo™«rded from the feed spool : a base holder dis- 
J^iSbe^eeLe feed ^1 and mSaKe-up 

Slie tape base; a target disposed opposite to a front surface of the tape base bang guided in ttie basejiold^r for 
?eSl?gWtioles emitted frVm the target; an Ion source disposed opposrte to the front surface 
b^tovLds the front surface at an angle of incidence selected from a given range of angles; and a coolie 

nfmlina the substrate base through the base holder. * 

•Se iSratus is arranged i that it is possible to irradiate the particles being deposit^ on the subjjate base in 
a tape formTt an optimum angle, while the tape is being driven by a feed spool and conveyed over a base hoWer » be 
wSS on the take-up spool.. The depositing film can be kept at a suitable low tenperature by cooling the base holde 
to^r^ithegraln^^^^^ 

""'STi^'l'T^^^^^^ device ^ comprised by a hollow pedestal for attaching the base .^^o'^-. ^'^ --^^^^^ 
pipe attach«Jto the pedestal and communicating an Interior space of the pedestal with an exterior space by entering 

^^'^r^.iTbe^s^'thtS?^^^^ operated independently of the low-pressure dep^i«on chamber, 
the tSin fSm^n be cooled trough the base holder so that the grain-aligning-effect of the ion bearn irradiaton 

nnSi^mre3ecdvelytothede,^slting particles top^^^^ 

trol while controlling thermal vibrations and other adverse effects which disturb crystal onentation 

R^rtSeTrSre eJec^e cooling of the growing thin film is obtained by providing inflow and outflow pipes to prevent 

comJl^fc^nTShe^nterior'spa^ce. and an outlet pipe surrounding the inlet pipe to communicate the interior space 

" By'pSSTd^uble-wall structure for the cooling devfce. the gas or lk,uid in the inflow pipe can be cool^ by 
liquid or gas being expelled from the base holder, thereby preventing a temperature rise in the inflow pipe so that effec 
five cooling of the growing thin film can be maintained throughout the deposition process. 

35 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a cross sectional view of a YSZ polycrystalline thin film produced according to the P'-^e"^ JfJJ^J^ 
Rgure 2 is an enlarged plan view of the YSZ polycrystalline thin film of Figure 1 showing the grains and the planar 

alignment angle in the grains. 

Figure 3 is a schematic drawing of an apparatus for use in the present method. 
Figure 4 is a cross sectional view of an ion gun in the apparatus shown in Figure 3. 
Finure s is a cross sectional view of a cooling device tor the apparatus shown in Figure 3. 

"^wre T^a 6Cl»matic draring of an X^ray device to. determinino the o-yalal orienBlion of a pofyoystalline ft* 
Figure 8 is a pofe figure diagram of a poiycyslai produced al 100 -C »ilh ar. ion beam Incidence angle of 55 
'^^^^V^'^.^l . P'o-uced « .00 -C wifh an icn be»n inc«.ence angle of 55 

" "^Sr^lot™™ dW^'o, a polycryeW produce, a. SOO -0 w«, an icn beam lnc«ence angle of 55 
*°'^ur:^,1;''.'^eT^re dW^o. > „ 400.C amon beem Incidence angle of 55 

« ■""^u^lfsSSCro, a poi^ryau, produced a, 500 -C an Ion beam Incidence angle of 55 

"^^T^ '^S^gZSionenip beween ^ «,«*ness 0. .he min fllmc and fhe frif-wm af ha».ne.a. 

ure of the diffraction peaks in degrees. 
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Figure 14 is a graph showing a relationship between the ion beam incidence angle and the fuB-width at half-meas- 
ure of the diffraction peaks in degrees. 

Figure 1 5 is a schematic drawing of an oxide superconductor layer produced on a polycrystalline thin film layer by 

a conventional method. , _ _ju,-«..ii 

5 Figure 16 is a graph showing a relationship between the duration of the vapor deposition process and the full-width 

at half-measure in degrees of diffraction peaks of the polycrystals produced by the present method. 

Figure 1 7 is a graph showing a relationship between the film thickness and the full-width at haH-measure in degrees 
of the diffraction peaks of the polycrystals produced by the present method. . _ 

Figure 18 is a poleflgure diagram of a polycrystal produced at 0 X with an ion beam incdence angle of 55 degrees 
10 and ion beam energy of 300 eV. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Preferred embodiments will be presented in the following With reference to the drawings. 
Figure 1 is a cross sectional view of an exarrple of a structure of YSZ (yttrium-stabilized zirconia) polycrystal thin 
film B produced on a substrate base A in a tape-form, using the method of the present invention. 

The substrate base A is a tape in this embodiment, but other substrate forms such as plates, wires and chords are 
applicable. The substrate base A may include metallic materials such as silver, platinum, stainless steel, copper, nickel 
anoys including Hastelloy. as well as various kinds of glasses and ceramic materials. „„«,«h kv 

The polyoorstal film B is comprised by fine grains 20 of a cubic crystal group such ^ YSZ or CeOg s^^^ed by 
grain boundarii, and the c-axis in each grain 20 is oriented at right angles to the top surface (film surface) of the base 
A and the a- and b-axes within each grain 20 are oriented in one direction in a horizontal plane. The a-ax^ (or b-axes) 
in one arain 20 and the a-axes (or b-axes) in its neighboring grain are oriented to each other at an angle of less than 35 
degre^ (planar alignment angle K shown in Figure 2). which can be altered by varying the deposition tenpe^^^^^ 
during the deposition process, and the angle K can be controlled to be less than 35 degrees by suitably adjusting the 
deposition temperature. . ^ . 

Figure 3 is an example of the thin film deposition apparatus suitable for use in the preserit method 
The apparatus is comprised by a vacuum chamber (deposition chamber) 40 encasing: a base holder 23 of a block 
shape for holdng the baseAinatape form toheat or cool the baseAtoadesired temperature;^ 
warding device) 24 lor conveying the tape base A: a take-up spool (windup device) 25 for wi.Kl.ng the tape k^se A^ a 
Jtate-sSaped target 36 disposed peripherally above and looking down at the base holder 23 at a ^ «nt angte, a ^^er 
Lam Sating device (sputtering means) 38 aiming down towards the target 36 at an .ncl.ned angle; an .on source 39 
disposed laterally to face the target with a horizontal separation; and a cooling device R. , „„4h»4=,,o 

TUe base holder 23 has an internal resistance heater 23a comprised by metal resistance wires lor heaUng the tape 
base A. which is being conveyed in contact with the base holder 23. to a desired ^mperature as requ^ed^^^ 
holder 23 is placed in an optimum location of the deposition chamber 40 to receive an ion beam emitted fro"ithe ion 
source 39. T?e base holdeV 23 is attached to a pedestal 60. of a triangular shape iri ite side « ^"PP°J^ 

on a cooling pipe 61 of the cooling device R inserted through the external wall 40a into the dep^tion «fan*er 40^The 
Llingde^JciR, comprised mainly by the pedestal 60 and thecodingpipeei. IS supported int^ 

40 ^JeP^ti^^^^'^O-^ ^„^^ ^ ^ ,ri3„g^a, appearance, as shown in Figure 5. whose top surface 60a 

is inclined^ an angle so as to provide a range of ton beam incident angles of 50-60 degrees with respect to base A. 
!^e teS^ric^ L Of the pSlest^ 60 is attached to the cooling pipe 61. of a doul^e wall ^"^feTS.^ 
inflow DiDe 62 and an outflow pipe 63. both of which communicate with the hollow space of the pedestal 60. The inflow 
pipi 62. 63 are ^ei horizontally through the external wall 40a of the chamber 40 and then bent up^r J 
so^ to form a coolant supply section 65. where the inflow pipe 62 extends slightly beyond the outflow pipe 63 for 
attacWna a funnel shaped coolant inlet section 64 to the start end of the .nftow pipe 62. 

S inf toTaroiSftow pipes 62. 63 are hermetically sealed to the back surface 60b of the pedestal 60. therefore, 
even when thTiTnSS 40 is operated at a reduced pressure, the interior space of the pedestal 60 is maintained at a, 
^STerir^S^. so thatacoolam such as liquid nitro^^^ 

section 65 to fill the hollow space of the pedestal 60. ^„ - *^,«*i**h^^^!inr,nino 

The reason for the double wall construction, corrprised by Inflow and outflow pipes 62, 63. is that if the cooling pipe 
has only an inflow pipe 62 and if liquid nrtrogen is poured into the coolant supply section 65 Jf^na^t 
nitrogen vaporized in the hollow section of the pedestal 60 will block the entry of fresh liquid .^^ 
section. Spro^nding the outflow pipe 63. any stagnant vapor and spent liquid nitrogen remaining J^^ hd^^^^^ 
can be ouraed to exterior space through the outflow pipe 63 so that the pedestal 60 can be cooled at all times with fresh 
SuSfn toi^^^ cooling capability of the pedestal 60. The double wall ^^onsuud^^^^^^ 
keeping the inflow pipe 62 cool by the action of the vapor and spent liquid nitrogen flowing in the outflow pipe 63. thus 



15 



20 



25 



30 



35 



45 



50 



55 



5 



EP 0 872 579 A1 

pra/enting unwanted temperature rise in the interior of the inflow pipe 62. 

■me cooling pipe 61 is entered into the chamber 40 through a flange plate 66 attached to the external wall 40a with 
screws or other fasteners to close the feed-through hole 40b. The flange plate 66 is provided wfth a temperature rrjeas- 
urement device 67. having a temperature sensor 68. adjacent to the cooling pipe 61 to enable the temperatiffe of We 
base holder 23 to be determined Specifically, the temperature of the base holder 23 can be determined by .nsten.ng tt^e 
base holder 23 on the top surface 60a of the pedestal 60 as illustrated by the double^Jot line in Figure 5, and letbng the 

temperature sensor 68 to contact the base holder 23. . ^ » 

As explained above, the base material A can either be heated, as in Figure 3. with a heater 23a to a tempera ure 
higher than room temperature or be cooled through the pedestal 60. as in Figure 5. to attain any desired temperature 
in the base material A over a wide range of temperatures, for examfrfe. between 500 "C to -1 96 -C. Elertnc^ heatngjs 
sufficient to reach a temperature between room temperature and about 500 "C while liquid nitrogen cooling is sufficient 
to attain a temperature of 77 K (about -196 "C). ,. j • ^ 

Ts Ss that the cooling device R is not limited to the device shown in Figure 5. and that other cooling devices, 
using afluorine-group gases such asflurochloro-hydrocarbons or ammonia, can be used to readily attain atemperature 
of about -30 °C Also, during the process of film formation at room temperature, the base material is heated by being 
bombarded with high temperature particles emitted from the target material, such that if the ^^o"^®' 
h^Sed or cooled. We base is heated naturally to a temperature of about 100 °C. When the base is being coo^ wjh 
l^uSniJoS^ . the material and thickness of the base holder 23 can be varied suitably to adjust the cooing |Ject of Je 
.Sdeslal 60 on the substrate base A. For example, by choosing a thin, thermally conductive material for the tese ho Id^ 
Sand insuring that a proper amount of liquid nitrogen is being delivered, cooling by liquid nitrogen can achieve -150 
o? Sen SJ, a temperate rise in the base A during the deposHion process due to natural heating^On the other hand 
by choosing a thick metallic material for the base holder 23, the cooling capability of the pedestal 60 cari be 'owered so 
that the temperature of the base material will become higher. By such judicious choice of cooling conditions, tempera- 
ture range of - 150 to -50 'C can be readily attained, u A «,„ K« r.rn 
using the apparatus illustrated in Figure 3. a continuous deposit of polycrystals on the tape base A ran be pro^ 
duced by fowa^ng the tape base A continuously from the feed spool 24 over the base holder 23 and letbng the tape 
material A pass through the optimum radiation section and picking up the tape material A on a take-up spool 25. 

The target 36 is for producing the polycrystalline film of a required composition, and may be comprised by a mate- 
rial which is compositionally close or similar to the polycrystal material. SBiCifisa My , 

from MnO- or vSl-stabilized zirconia C^ . CeO?. Mq Q or SrTiO,. but other materials which wouM be ag Bgen^ 
giS frystallinej iimi^^ freely rotatably attached to a target holder 36a with a pin 

connection and the like, so that the inclination angle can be adjusted. ^M^i„^r ^nrt 

The sputter beam radiating device (sputtering means) 38 is comprised by a vapor source insrie its «>ntamer and 
agriddisposed near thevapor source for applying an extraction voltage to bombard the target 36 with ions s^ 

35 particles constituting the target material towards the base A. • , . rtt^hoamradiatina 

The ion source 39 for generating a crystal aligning ion beam is constructed similarly to the sputter beam radiating 
device 38. and is comprised by a vapor source within a container and a grid disposed near the vapor source applying 
an extraction voltage. A portion of the atom or molecules generated by the vapor source is loniz^. and the ionized par- 
«cle^^ a^elerafed towards the material A by the action of the electrical f ield of the grid. Methods o, ion-^tion include 
direct current arcing, high frequency induction, filament heating and cluster ion beam. Filament heating is based on 
frJ^ct^gt^J^^zedpartidesw^ 

47in Figure 4 in ahigh vacuum to produce ionized particles. Cluster ion beam method is based on '-"Pact-ng molecular 
clusters, effusing from the mouth of a crucible containing the target material into the vacuum environment, with hot elec- 
trons to produce ionized particles. ^ ^ • ir- i tu« 

Polycrystalline film is produced in an apparatus in conjunction with the ion source 39 shown m F'gure 4. The ion 
source 39 is comprised by: a cylindrical ion chamber 45; a grid 46 disposed in the ion chamber 45; a filament 47 and a 
gas inlet pipe 48 for admitting gaseous substances such as argon into the chamber 45 Ion beam is emitted as a roughly 
parallel beam from a beam aperture 49 disposed at the exit end of the ion chamber 45. The beam aperture 49 can be 
adjusted to any diameter d and the location of the ion source 39 can be changed. ^:„^H^n^<>fl 
The ion source 39 is disposed to oppose the tape base A so that its center line S makes an angle of 'nc-dence e 
(defined as an angle betweenthe normal to the base A and the center line S) as illustrated in Figure 3^lt 'S prefe aWe 
that this incidence angle e is in a range of 50-60 degrees, more preferably 55-60 degrees and most Preferably 55 
degrees. The ion source 39 is thus positioned so as to enable to irradiate the base A vinth the crystal aligning ion beam 

at a certain selected incidence angle e. «^ . • u ♦k^ <«ii«,«ir,r, c^t latinn- 

55 The angle of spread of the crystal aligning ion beam leaving the Ion source 39 ,s given by the following equation. 

Ae^atan'^d/aL) 
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where. Ae ie the spreading angle of the ion beam: d is the beam diameter in cm of the .on source 39 L a d-stence .n 
^ be Jen the beam af^rture 49 of the beam source 39 and the base A which corresponds to an -on flight distence. 
??eiSn^Sw distance the beam aperture d are 

SJ^be grown It is preferable that the beam spread angle Ae is in a range of less than 5 degrees and more preferably 
, ^Tha^ rZee^ For example, if L=40 cm. and if the aperture Is set at d^.49. then it is possible to wntrol the spread 
' SraTr5?5ee^.andTth;apertureissetatd^mthenthe^^^^ ^ 
The crystal aligning ion beam produced by the ion source 39 may include rare gas iO"S «u<Jas He . Ne ^ Xe 
and K* or any such ion beam mixed with oxygen ions when making an intermediate layer of YSZ. but a Kr beam or a 
mixed ion beam of Kr* and Xe* are used especially when maWng an intermediate layer of CeOz- 

The deposrtion chamber 40 includes external debtees including rotary pump 51 for evacuating ^^.^^^"^^"^^^ ^ 
low pressure a cryo-pump 52 and an ambient gas source such as gas bottles for supplying an ambient gas. so as to 
SSe atX'erTinside the chamber 45 to be in a low pressure gaseous 

atmosphere comprised by argon gas or other inert gas or by an inert gas atmosphere containing some oxygen, 
^e diSZ cl^nLr 4^ has a current density measuring device 54 to measure the ion beam current densrty 
IS and a pressure gage 55 to measure the pressure within the chamber 40. 

^ t^e of angle adjusting device may be used on the support section of the ion source 39 for adjusting rts onen- 
tation^S so as to enable to vary the angle of incidence of the ion beam. Alsa the .on fl«ht d.^ance L is van^by 
rS^ngfte position of the ion source 39. however, the same resurt can be obtained by arranging tt^e length of a support 

-yiH fNOTF- s'^a IS A HEATEm for the base support 23 to be adjustable to alter the distance L. 
"^NStfrnSofS^^ 

''^^uce a polyaystal thin film on the tape base A. a target 36 of YSZ or CeO, is select^, and tt.e d^sWon 
champs 40 is evaclUtoareduced pressure and the tape baseAisconveyedatacerta.nsp^^^^ 
24 over the base holder 23 while activating the ion source 39 and sputter beam radiating device 38. 

The temperature of the base A in contact with the base holder 23 is adjusted to a temperature below 300 C by 
operlS^ X fr^^^^^^^ heater 23a of the base holder 23 or the cooling device. Based on the results (to be sh«.n 
S'rS^Sl current density data inthesupercondurt^^ 

the lowest possible temperature up to 300 »C. When choosing a base temperature below 300 -C. if ^ase hdder 23 
ishe^Jr^m temperature without auxiliary heating, it is prderawe that thede^^^^^ 
"C and if a low-cost liquid nitrogen is used, the desired temperature should be higher than -1 50 C. 

• Here. r. sToUd be noted that, if lK,uid nitrogen is used as a <=-o^^^-^^^^''^':?'^^^^ 
achievable (by feeding liquid nitrogen through the inlet section 65 and inlet pipe 62 to reach the P^d^^'^O) J ^ut 
Tso^eiiththeLofathin base holder. This isbecauseof^ethermal^bate^^ 

crystal layer including the effects of the radiative heating by other devices within the chamber 40. It is necessary to use 
some other coolant such as liquid helium, if a temperature lower than -1 50 °C is '^^[f- ^ 
When the sputtering beam is bomba«Jed on the target 36. constituent Pa^'cles of the target 36 are ejected out a^^ 
fly over to deposit on the base A. While the particles ejected from the target 36 are being deposited on the »»se A held 
irrtSse h'Ser 23. a aystal aligning ion beam of mixed ions, comprised by argon J-^^^ .^Xf^'^X^ei on 
source 39 and oxygen ions, is radiated on the base A to deposit a polycrystalline ttiin film B of a desired thickness 
the tape base A. The deposited tape with a pdycrystal layer is picked up by the take-i^ ^?°'ff „^ -„,er- 

^e incidence angle e of the crystal aligning ion beam is preferably in a 7"3e of a)-60 d^re^^^^^ 
aWy between 55-60 and most preferably 55 degrees. It is not desirable to select 90 degrees for the angle because. 
2oS^r;Tc2xis?n the grains'can be oriented at right angles to the film surface, the 

inated by (1 1 1) planes. II e becomes 30 degrees, even the c-axes in the grains cannot be aligned at right angles to the 
bTsfsuJace Ife^fore rt Is necessary to irradiate the crystal aligning ton beam within the range of angles of .ncdence 
S^^ed^v^toSn a thin film hiving (100) surface oriented parallel to the 7^^-^^^^^^ *^h\Ta^ 
pLess is carried out acconpanied by the crystal aligning ion beam irradiation as J^J"^f ^^^^^ 
axes of the grains formed on the base A become aligned in one direction along the top surface (film surface) of the 

tered oSfrorn the target 36 to be deposited on the base A disposed in an e/acuated deposition chamber and con 
cur^rSS I^Tthe Suttering process a crystal aligning ion beam generated from an ion source 39 is radiated on the 
ZSgCSs^a^e of incidence between 50-60 degrees for the purpose of aligning the crystal axes in the 
SnfaaSKng highly developed orientation alignment can be produced by adjusting the temperature of the ba^ 
Sng SXSn process. T^e adjustment of the incidence angle'can be perfomied by P[ePa"n8 ' P^^^^^ 
tals Zav-rnrdSent inclination angles of the top surface 60a so that an appropriate type of pedestal to suit the appl.- 

"T^SlS SnSated later in Exam^es. the planar alignment angle of 35 degrees In YSZ is produced at a base 
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temperature of 300 "C; the angle of 25 degrees at 200 'C; the angle of 18 degrees at 100 'C; the angle of 13 degrees 
at 0 "C- the angle o1 10 degrees at - 100 "C; and the angle of 8 degrees at -150 "C. 

By depositing an oxide superconductor layer C on the polycrystal thin film layer B thus produced, a structure of an 
oxWe superconductor 22 shown In Rgure 6 can be produced. The oxide superconductor layer C is depositedwer the 
SSns M in the polycrystalline thin film B. and the c-axes of the grains 21 (23 IS BASE HOLDER) are onented at nght 
angles to the top surface of the thin film B and the a- and b-axes of the grains 21 are oriented wrthin a plane parallel to 
the top surface of the base A, with a small planar alignment angle K between the grains 21. 

The oxide superconducting material for the superconducting layer may include oxide superconductors of a high crit- 
ical current density represented typically by formulae such as. YiBa2Cu307.x. Y2Ba4Cu80y^ YgBaaCueOy; or by formu- 
lae such as. (Bi. Pb)2Ca2Sr2Cu30y. (Bi. Pb)2Ca2Sr3Cu40y or Tl2Ba2Ca2Cu30j, TliBa2Ca2Cu30y and 

^^^v£m"e ^de superconducting layer C is deposited, by sputtering or laser-assisted vapor deposition rnethod. on 
too of a polycrystalline layer of precisely aligned grains having a planar alignment angle K in a range of 8-35 degrees, 
t^n the layer C can also grow as an epitaxial layer by following the precise orientation preference of the underlayer. 

Such an oxkle superconducting layer C produced on the polycrystalline layer B has very little randomness in orien- 
tation, and within each grain in layer C. the c-axes which exhibit inferior electrical conductivity are onented «\e thid.- 
ness direction of the layer C. and the a- and b-axes. which exhibit good electrical conductivity, are onented n the 
longitudinal direction of the base A. The superconducting layer C thus produced exhibits excellent quantum coupling at 
the grain boundaries, thereby almost eliminating degradation in superconducting properties at the gram boundaries to 
pl^Se Slow of current in the longrtudinal direction of the base A. The result is that the crit^l current density can 
be almost as high as those in superconductors formed on a single aystal base of MgO or SrTi03. 

It was observed that at a base temperature of 300 "C. a YSZ polycrystalline film having a planar alignmert angle 
of 35 degrees was obtained to give a critical current density of 55 000 A/cm^ in the superconducting layer; at 200 C 
corresponding values were with 25 degrees and 180.000 A/cm^; and at 100 'C. the values were 18 degrees and 
SS 0??!Jcm\ At lower temperatures, the following results were obtained: at 0 -C base temperature^ the '""i showed 
a^anS alignment angle of 13 degrees and a crrtical current density of 800.000 A/cm^; at -j^VSr^^^^ 
^Vues were 10 degrees and 1 .300.000 A/cm^; and at -1 50 "C. the values were 8 degrees and 2.500.000 A/cnJ- 

It has thus been demonstrated that it is possible to form an oxide superconductor 22. having highly aligned grains 
and superior critical current density, on a substrate base of a polycrystalline YSZ thin film B by nia'nte'nin9 the base 
temperature atasuitableprocessingtemperaturebelow 300 "C and irradiating the base wrthacrystal aligning ion beam 

'""rLte'rSScJo^tSned by the method ou«ined above is mechanically flexible because of its longrtudinally 
extending ^ape of the tape, and it is expected that such a material would be useful as a winding in superconducting 

"^^TSfactors that are responsible for providing superior grain orientation in polycrystalline thin film B are thought to 

^ '^'^e ISt cell of the polycrystalline YSZ thin film B is cubic, and in such a crystal lattice, the normal to the base is a 
( 100)direction. and the < OlOand <001 >directions are oriented in the planar directions. Considering a case of an ion 
beam being radiated onto such a structure at an inclined angle to the nomial. H the beam is injected along the < 1 1 1 > 
40 direction, the angle of incidence wrth respectto the normal is 54.7 degrees. . .cqt-/ 

According to the technique disclosed in an earlier patent application (said JPA. First Pubiicaton No H6-145977 
etc ) by the present inventors, the relationship between the ion beam incidence angle and the full-width at half-measure 
(FWHM. an indicator of the scatter in aystal orientations) of the X-ray peak intensities showed a minimum between 50 

*° ^ MS^g of the orientation scatter observed in the film B when the incidence angle is between 50-60 degrees is 
thought to be caused by the maximizing effect of the ion channeling phenomenon when the ion beam is rajiatedat an 
angle of 54.7 degrees. When the ions are injected at an incidence angle centered about the °P*7"; 54.7 degree^ 
towaids the particles being deposited on the base A. only those atoms which are in good alignment wrth the optimum 
incidence angle are able to remain on the base A while other atoms of irregular alignment are removed tiie base 
A because of the sputtering action of the crystal aligning ion beam. The result is a production of a highly aligned struc- 

ture retained selectively on the base A. » ^ * 

It should also be noted that there are two effects of the Ion Irradiation action on a YSZ base; one effect is ^ promote 
the growth of (100) planes and the other effect Is to align the planar directions of the growing crystals w.th.n the Qrams^ 
The present invento'^ believe that the effect of erecting (100) planes precisely at right ang^ on the ^ase^^^^^^^^ 
a dominating role, because, if the basic requirement of erecting {1 00) planes .s not sat.sf.ed. planar or.entat.ons will be 

^'^^TleS th^Jisons that are thought to be responsible for improving the planar alignment angle K when the base tem- 
perature is controlled during the deposrtion process with ion irradiation at an angle of 50-60 degrees (i.e. improvement 
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in the grain alignment in the polycrystalline thin film B) will be discussed in the following. 

It is commonly recognized, in normal film forming methods of sputtering and laser-assisted vapor deposition, that 
better crystallinity is obtained by depositing the crystals in a high temperature environment, for exanple 400-600 °C or 
higher This is indicative of the fad that there is a close connection between the deposition temperature and the crys- 
tallinity. and it is generally understood, in the thin film deposition field, that low deposition temperatures tend to promote 
the growth of amorphous films. .^^ ^ ^ ^« 

However, according to the present method of producing thin films with ion beam irradiation, it has been found, con- 
versely that lower deposition temperatures are preferable, because of the predominating effect of the crystal aligning 
ion beam. This is believed to be a result of the fact that at lower deposition temperatures, atomic mobility and lattice 
vibrations are correspondingly lowered, so that the crystal aligning effect of the Ion beam becomes comparatively more 
effective in producing a superior grain alignment in the polycrystalline thin film. 

In other words, using the method of the present invention, the lower the deposition temperature the more clearly 
defined are the [1 00] axes in the polycrystalline thin film. It follows that [1 1 1 ] axes in the thin film can also be determined 
uniquely and also that dechanneellng effects caused by thermal lattice vibrations of the atoms become less at lower 
deposition temperatures, thereby decreasing the collision cross sectional area for ions impacting on the crystals along 
the [111] axes and improving the control over the crystal orientation, thereby improving the grain alignment in the 

deposited film. ^ i au u * 

It should be noted that the observations made in the present invention (that the lower the base temperature the bet- 
ter the grain alignment in the film B. and that superior gram alignment is achieved when the polycrystalline thin film B is 
formed below 1 00 **C) are contrary to the generally held belief In the conventional crystal growth technologies that high 
deposition temperatures are required for achieving superior crystallinity. This contradiction is an effective dennonstration 
of the uniqueness of the approach of radiating the ion beam at an inclined angle to the base for grain aligning purposes. 
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Experimental Examples 
Example 1 

Sputter deposition with ion-beam in-adiation was conducted using the apparatus shown in Figures 3-^5 to produce 
YSZ polycrystals on a metal tape. The apparatus shown in Figure 3 was placed in a vacuum chamber and evacuated 
to a pressure of S.OxlO'^ torr, and a gaseous mixture of Ar+Os was supplied to the chamber at a rate of 16.0 seem 
(standard cubic centimeters per minute) for argon and at a rate of 8.0 seem for oxygen. 

The base material was Hastelloy C276 of a mirror-polished front face made into a tape form of 10 mm width and 
0 5 mm thickness and several meters in length. The target material was YSZ (containing 8 mol % of Y2O3) and the sput- 
tering process was carried out by bombarding the target with Ar+ ions while concun-ently performing the crystal aligning 
process using the Kr+ ions emitted from an ion gun positioned to generate an angle of incidence of 55 degrees to the 
normal to the surface of the tape base, and bombarding with an ion beam energy of 300 eV. for Kr and O2 ions, and 
ion current density of 100 ^A/cm^. The deposition process was assisted by directing a laser beam onto the tape base 
which was conveyed at a given speed over the base holder to produce a YSZ film of 1 100 nm thickness on the tape 
base 

The base temperature was controlled by using the resistance heater provided in the base holder to attain a l3ase 
temperature of 500 400. 300 and 200 "C. When deposition was carried out at room temperature, without the use of the 
heater the temperature of the base and the deposited crystals were maintained at about 100 °C due to the effect of ion 
beam irradiation and heat transferred from other parts of the apparatus. For comparison purposes, cooling was per- 
formed using liquid nitrogen in the cooling device shown in Figure 5. and utilizing a different thickness of the base holder 
45 soastoattainasubstratetemperatureof 0. -lOOand-ISCC. 

X-ray pole figure diagrams for (1 1 1) and (1 00) planes in the samples produced under different conditions are shown 
in Figures 8-12 and in Figure 1 8. From these results, it can be observed that the deposition temperatures tower than 
300 -C produced superior alignment of grains of the [100] orientation (refer to Figure 8). Conversely, when thedep<»i- 
tion temperature was inaeased beyond 300 °C (400 or 500 "C). it was found that the gram orientation was not in the 
50 [100] orientation but tended to approach the [111] orientation (refer to Figures 11 and 12). It is dear from observations 
of the pole figure diagrams that even within a range of deposition temperatures below 300 »C. the lower the deposition 
tenperature the more superior the grain alignment effect. u «. jv. 

For each of the samples having proper c-axis orientation, investigations were carried out to determine whether both 
the a- and b-axes are oriented properly within the planes of the YSZ thin film. 
55 These measurements were performed by directing an x-ray beam towards the YSZ polycrystalline thin film at an 
angle e,. as illustrated in Figure 7. and positioning an x-ray counter 58 at (58.7 degrees) in a vertical plane contein- 
ing the incident x-ray beam, and rotating the base A through a suitable angle in a plane horizontal to the vertical plane 
containing the incident x-ray beam (i.e.. rotating through a horizontal angle 4> in the direction of the arrow in Figure 7) to 
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measure the diffracted intensities. This process \ftms used to determine the planar alignment angle K between the a- 
axes ttiemselves or the b-axes thenr^elves in the neighboring grains of the polycrystalline tiiin film 8. 

Further, the orientations of the various grains of the YSZ thin film B were studied. To perform these tests, tiie meas- 
uring process described above was refined in such a way that ttie angle * was moved in stej^ of one degree from -20 
to +20 degrees, to determine the diffraction peaks at each one degree setting. By noting the range of ✓ degrees of 
appearance and disappearance of the diffraction peaks, it was possible to determine a detailed description of the dis- 
tributions of grain orientations in ttie plane of the thin f flm B, In other words, the probability of grair^ oriented in a specific 
direction within a given planar alignment angle K. 

Proceeding further to the second stage of the nrothod. oxide superconducting layer was deposited by sputtering 
target particles on the polycrystalline thin film produced above. Tlie target material had a rrominal com^ition of 
Yo 7Bai 7CU3 0O7.X. Sputtering was performed in the processing chamber evacuated to a pressure of 1x10' ton-. The 
deposit was ttien subjected to an oxidation heat treatment by heating the tape base at 400 for 60 minutes. The 
superconducting tape thus produced measured 10 mm in width and 1 meter in length. 

The superconducting tape was cooled in liquid nitrogen, and the critical temperature and critical current densities 
were determined by the four-probe method. 

The results of probe measurements are refxjrted t>elow. 



Deposition temp, °C 


Planar grain orientation 


Critical current density 
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[111] orierttation 
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180.000 
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550,000 


0 


13° 


800.000 


-100 


10° 


1.300,000 


-150 


8** 


2,500,000 



From these results, it can be seen that, at a deposition temperature higher than 400 °C. the grains become oriented 
in ttie [1 1 1] direction, and consequently, high values of critical current density are not c^tainable. When the deposition 
temperature is lower than 300 °C. the grain alignment improves and aitical current density is also improved. This ten- 
dency becomes nrare pronounced as the deposition temperature is lowered, and the results demonstrate that: it is pref- 
erable to operate at less than 200 deposition temperature to obtain critic^ current density values in excess of 
180,000 A/cm2, an to operate at less than 100 deposition temperature to obtain the same in excess of 550.000 
A/cm^. From these results, it can be concluded that it is preferable to operate in the range of deposition temperatures 
of 300 **C to -150 *C and even more preferably in the range of 100 to -150 °C. 

Next. Figure 13 shows the dependency of the gain orientation scatter as measured by the full-width at half -measure 
(FWHM) on the thickness of the polycrystals formed on the tape base for the deposition temperature at 1 00 °C. 

According to these results, it can be seen that the [100] orientation becomes more well-defined starting at a film 
thickness in excess of 200 nm. These results suggest that, when growing polycrystals with ion beam incident at 50-^60 
degrees, the degree of grain alignment improves as the film thickness increases, even though tiie grain orientation may 
be random in the initial stages of deposition. Judging from tiie tendency of tiie [100] axes to begin aligning when tiie 
film thickness exceeds 200 nm. it is clear that superior alignment of crystals can be produced as the film grows tiiicker 

Next, Rgure 16 shows tiie dependency of FWHM on tine duration of deposition process, and compares the results 
of deposition performed at 100 and 200 *C and Figure 17 compares the dependency of FWHM on film thickness, and 
compares the results of deposition performed at 100 and 200 °C. 

In both cases, tiie results confirm that tiie grain alignment is better for the lower deposition temperature of 100 **C. 

The results also confirm the observation that certain minimum deposition duration is required, in other words, a 
minimum film thickness is required to achieve some degree of grain alignment. 

It should be noted that foregoing embodiments are meant to be illustrative and not restrictive. Many \ariations in 
the actual approach to the method and apparatus can be developed within the demonstrated basic principle tiiat an 
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assistance of crystal aligning ion beam irradiation at a spedf ic angle of incidence during a deposition process is 
in determining the nature of crystal orientations In ttie grain structure developed In the thin film, "me present im 
is therefore to be limited only by the scope of the claims which follow. 



5 Claims 



TO 



15 



20 



25 



30 



35 



40 



1 . A method for nuking a poiycrystalline thin film by depositing particles emitted from a target (36) on a substrate 
base (A) so as to form a poiycrystalline thin film (B) conprised by elements constituting said target (36) while con- 
currently irradiating said particles being deposited on said substrate base with an ion beam generated by an ion 
source (39), at an ar^le of incidence in a range of 50 to 60 degrees to a normal (H) to a film surface, and n^intain- 
ing a film temperature at not m<^e than 300 degrees C^sius to produce a film material to be used by itself or as a 
substrate base for a functional thin film. 

2. A method according to daim 1 . wherein said target is a5mprised by yttrium-stabilized zirconia. 

3. A method according to one of claims 1 and 2. wherein said poiycrystalline thin film has a film thickness of not less 
timn 200 nanometers. 

4 A method for making an oxide superconducting body, comprising the steps of: (a) depositing particles generated 
from a target (36) on a substrate base so as to form a poiycrystalline thin film (B) comprised by elements <^nstrtut- 
ing said target (36) while concun-ently irradiating said elements being deposited with an ion beam generated by an 
ion source (39) at an angle of inddence in a rar^e of ^ to 60 degrees to a normal (H) to a film surfece. and main- 
taining a film temperature at not more than 300 degrees Celsius, and (b) depositing a superconducting layer (c) on 
top of said poiycrystalline thin film (B) formed in step (a). 

5. A method according to daim 4, wherein sakJ target is comprised by yttrium-stabilized zirconia. 

6. A method according to one of claims 4 and 5. wherein said poiycrystalline thin film has a film thickness of not less 
than 200 nanometers. 

7 An apparatus for making a poiycrystalline thin film comprising: a deposition chamber (40) for depositing a PoWv^' 
talline thin film (B) on a substrate base and for housing following component devices: a feed spool (24) for feeding 
a tape base (A) in a tongitudinal direction; a take-up spool (25) for winding said tape base fonwarded from said feed 
spool (24); a base holder (23) disposed between said feed spool and said take-up spool for guiding said tape base 
while being in contact with a bad< surface of said tape base; a target (36) disposed opposite to a front surface o 
said tape base being guided in said base holder for depositing particles emitted from said target; an ion source (39) 
disposed opposite to said front surface for radiating an ion beam towards said front surface at an angle of incidence 
selected from a given range of angles; and a cooling device (R) for cooling said substrate base through said base 
holder. 

8 An apparatus according to daim 7. wherein said cooling device is comprised by a hollow pedestal (60) for attaching 
said base holder (23); and a cooling pipe (61) attached to said pedestal and communicating an interior space of 
said pedestal with an exterior space by entering through an external wall (40a) of said deposition chamber (40). 
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An apparatus according to daim 8. wherein said cooling pipe (61) has a double wall structure comprised by an inlet 
pipe (62) for admitting a coolant by communicating with said interior space, and an outlet pipe (63) surrounding said 
inlet pipe to communicate said interior space with said exterior space. 
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FIG. 1 




FIG. 2 
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FIG. 6 
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FIG. 8 
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FIG. 10 
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FIG. 12 
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FIG. 14 
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FIG. 16 

50( ■ ■ ■ 





40 














0) 


30 




20 










10 



0 



T 1 1 1 1 1 1 1 1 I I [ ' ' f 



• 1 00*^0 
■ 200r 



I I I I I I I 



■ < J — I — t- 



0 2 4 6 8 

DEPOSITION TIME (h) 



10 



O 



FIG. 17 

50t I I I I I I I I I I I I I t I I I I I I I 1 I 'I I'' ' 
40 
30 



20 
10 
0 



lOO'C 
200*C 



F * * I * ' t ' ^ ' ■ ' ' ' ' — L_L 



m 



■I » I 



m 
# 



0 



500 1000 
THICKNESS (nm) 



1500 



21 



EP 0 872 579 A1 



FIG. 18 
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